Rn and its short-lived decay daughters. The evaporation process concentrated the sample ten-fold. Afterwards, a sample aliquot of 8 mL was mixed with 12 mL of Ultima Gold AB scintillation cocktail in low-diffusion vials.
Introduction
To determine 226 Ra activity concentration is an important task due its high radio-toxicity as review Guogang and Jing (2012) . Gross alpha, gross beta and 226 Ra activity can be used to establish the TID (Total Indicative Dose). There are various methods of measuring 226 Ra, including g-spectrometry (Kahn et al., 1990; Cazala et al., 2003; Dulaiova and Burnett, 2004) , a-spectrometry (Purkl and Eisenhauer 2003; Bojanowski et al., 2005) , radon emanometric methods (Lucas et al., 1990; Maharana et al., 2010) and liquid scintillation techniques with radiochemical separation (Salonen, 1993; Repine and Benedik, 2002) or without separation (Salonen, 2006) .
When liquid scintillation spectrometry without radiochemical separation is applied, the point is to eliminate radon and its shortlived daughters of the sample and to evaluate the increase of the alpha activity between the sample treatment and 21 days after this treatment. The variation was attributed to the increase of 222 Rn and its short-lived daughters into the sample vial. This method was tested by several authors and useful results were obtained (Sanchez-Cabeza and Pujol, 1998; Fernandes et al., 2011) . However to measure after 21 days of the sample treatment is an important drawback for this method. In this work a mathematical model was developed in order to determinate 226 Ra activity measuring the first time just after sample treatment and the second one before 21 days after that treatment.
The advantages of this mathematical model application are, on one hand joint the determination of gross alpha, gross beta and 226 Ra in one technique and on the other hand avoid radiochemical separation which entails a reduction in sample manipulation and in the reactive consumption.
Methods and materials

Detector
A low background liquid scintillation counter (1220 QUANTU-LUS, Wallac (Turku, Finland)) was used. The Pulse Shape Analyser (PSA) of the 1220 QUANTULUS discriminates between alpha and beta pulses and separates the pulses into different multi-channels. The optimal PSA value for the alphaebeta discrimination was established by a misclassification study using This detector also has a quench control parameter. The Spectral Quench Parameter of the External Standard (SQP [E] ) is the lowest channel below which 99.75% of the counts generated when the sample is irradiated with a 152 Eu source, included in the counter, are registered. The SQP [E] was evaluated in all samples. In this study, we used constant quench conditions. This detector is under the quality control (internal and external) of the Laboratory of Environmental Radiology. (ISO/IEC 17025, ENAC accreditation n 520/LE1117).
Reagents
High capacity and specially designed for the alpha beta discrimination cocktail Ultima Gold AB (Perkin Elmer, Turku, Finland) was used throughout the work.
The radioactive solutions were prepared by weight from the following radioactive standards: 230 
Material
Twenty-millilitre polyethylene liquid scintillation vials were supplied by Perkin Elmer.
General purpose materials in the laboratory were used.
Analytical procedure
A 100 mL aliquot of a water sample was evaporated at what temperature to dryness. When the precipitate obtained was cooled to room temperature, it was dissolved in 10 mL of deionised water acidified by HCl to pH ¼ 1.5 as describe Zapata-García et al. (2009) . It was necessary to stir the solution for 5 min to ensure that all the precipitated material was dissolved. With this treatment, 222 Rn is completely eliminated from the sample. The elimination of their short-lived daughters occurs by means of radioactive decay. Fig. 1 show the activity evolution in a 226 Ra sample with their decay daughters when 222 Rn is removed. To perform this simulation we have used the Laplace transform solution of the equations of radioactive decay. About 3 h and a half are required for a quantitative removal of the short-lived daughters (Catchen, 1984 ). An 8 mL aliquot of the evaporated sample was mixed with 12 mL of the scintillator cocktail in a low diffusion scintillator vial. Under these conditions, the sample remained homogenous and was stable for several months. The vial was counted in a liquid scintillation counter that was able to discriminate between alpha and beta pulses. It is recommended that the vial should remain in the counter for 2 h before counting to avoid photoluminescence phenomena. The 2 h time period is also necessary to allow the decay of the short-lived daughters of 222 Rn. Sr/Y) were used to conduct a misclassification study (Zapata-García et al., 2012 
and 138 mg L À1 HCO À 3 was prepared. It was acidified by HNO 3 to pH ¼ 1. Several aliquots of this synthetic water sample were spiked with natural isotopes. The composition of these solutions is shown in Table 1 .
Natural samples
Eight natural water samples from different parts of Spain were analysed. As shown in Table 2 , the selected water samples have different radioactivity contents and a wide range of dry residue. A 100 L volume of water was taken at each sampling point. The water samples were acidified with HNO 3 (1.25 mL L À1 ) for preservation. Fig. 1 . Activity evolution for 226 Ra and its short-lived daughters in a sample which 222 Rn was completely removed. 
. Alphaebeta discrimination
The Pulse Shape Analyser is used to discriminate between alpha and beta pulses. With the aim of establishing the optimal PSA value, the misclassification phenomenon was studied using 236 U and 40 K as standards. In this study one vial for each one of the standards was prepared and measured at different PSA values. The optimal PSA is found as the value in which the total misclassification, alpha plus beta, is lower. Fig. 2 shows the graphical representation of this misclassification study. We can see that the optimal PSA value is around 100. In this PSA value the misclassification is lower than 10% for both alpha and beta emitters.
Results and discussion
Mathematical model
The aim of this study was to establish a mathematical function that describes the alpha evolution in a closed system with 226 Ra and without 222 Rn and its short-lived daughters. A simple case is considered in which the parent nuclide A decays to a daughter nuclide B, which in turn decays to a stable nuclide C. In such decay chains, the number of atoms of B as a function of time is described by Equation (1):
where N B (t) is the number of atoms of B at time (t); l A and l B are the decay constants of A and B, respectively; N 0 A and N 0 B are the numbers of atoms of A and B, respectively, at time zero and t is the elapsed time.
Secular equilibrium conditions and an absence of B atoms at time zero are considered in Equation (2):
where A B (t) is the activity of B at time (t) in Bq; l B is the decay constant of B in s À1 ; A 0 A is the activity of A at time zero in Bq and t is the elapsed time in s.
In Equation (2), a null B activity at time zero is shown. At later time points, the B activity is equal to the A activity when secular equilibrium is reached (Annunziata, 1998) . A priori, this equation cannot describe our problem because 226 Ra is a parent radionuclide with a numerous daughters. However, it is possible to apply the philosophy of Equation (3) Rn and all the short-lived daughters, the alpha activity in a closed system with only 226 Ra at time zero is described by Equation (3) Considering that our closed system may contain nuclides other than 226 Ra and considering that their activities do not decay significantly in the considered time, the alpha activity in the system is described by Equation (4):
where Act (t) is the alpha activity in the closed system elapsed at t time in Bq; A is a parameter corresponding to the maximum increase in the alpha activity and is equal to 3*Act( It should be noted that the current model (Equation (4)) is indicative of the real alpha activity in closed systems where only short-lived daughters of 226 Ra are generated.
Model's verification using synthetic samples
To validate the proposed theoretical model, several synthetic samples (shown in Table 1 ) were analysed. Each sample was measured at several time points (2, 24, 72, 144, 240, 504 and 720 h) after the sample treatment.
3.2.1. 226 Ra proportion effect To evaluate the 226 Ra proportion effect in the evolution profiles, synthetic samples with similar gross alpha values, but increasing 226 Ra contributions, were prepared. Fig. 3 shows the mean and standard deviation of replicate measurements of alpha activity evolution over time. Error bars represent the standard deviation of each replicate. The modelled activity evolution for each sample is also shown (solid line).
As shown in Fig. 3 , the alpha activity of the URa 100:0 sample with no 226 Ra content remains constant. Furthermore, the alpha activity of all the samples containing 226 Ra increases over time. Fig. 3 also demonstrates that the experimental data match the proposed model.
The fitted model parameters are shown in Table 3 . This table also shows the bias between the calculated and spiked gross alpha and 226 Ra activities. (Table 4) .
Gross alpha effect
To evaluate the gross alpha effect in the evolution profiles, synthetic samples with similar 4 shows the mean and standard deviation of replicate measurements of alpha activity evolution over time. Error bars represent the standard deviation of each replicate. The modelled activity evolution for each sample is also shown (solid line).
As demonstrated in Fig. 4 , the three samples with the same 226 Ra activity have profiles that remain equidistant. The only difference between the profiles is the addition of a constant component. Fig. 3 also shows that the experimental data match the proposed model.
The fitted model parameters are shown in Table 3 . This table also presents the bias between the calculated and spiked gross alpha and 226 Ra activities.
Model's application to natural samples
The proposed model, Equation (4), permits the calculation of gross alpha activity at time zero and the 226 Ra activity. For this purpose, two gross alpha determinations at two different times are required. To test the proposed model in natural samples, several analyses were performed. Two measurements of gross alpha at two different times were made for each of the eight natural samples. The first measurement was performed two hours after sample treatment. The second measurement was conducted six days after the sample treatment. During the six-day measurement period, the increase of alpha activity was significant, which permitted the estimation of 226 Ra activity.
Equations (5) and (6) show the values of the model parameters A (maximum growth) and C (gross alpha at time zero):
e Àbt2 À e Àbt1 (6) Table 5 contains both activities measured at two hours and six days after the sample treatment, the fitted model parameters and the bias in the gross alpha and 226 Ra determination. The results obtained from applying the model to gross alpha determination generally have a bias below 10%, which is as low as the bias obtained from single determination. However, a large bias was obtained for the POT-C sample. A very low alpha activity (near the Minimum Detectable Activity) is the cause of this unacceptable bias.
Conclusions
The proposed model makes it possible to quantify 226 Ra activity in a closed system using two measurements of alpha activity. To make this measurement possible, it is necessary for all the 226 Ra short-lived daughters to be removed during the treatment of the sample. The model permits the second measurement to be conducted within the first 21 days after sample treatment instead of waiting until secular equilibrium is reached.
A liquid scintillation vial containing the cocktail and the treated sample approximates the described closed system. The proposed model can be applied for two gross alpha measurements to estimate 226 Ra activity. Biases lower than 20% were obtained for samples with 226 Ra activities on the order of 10 À1 Bq kg
À1
. 
